The taxonomic distinction between Actinobacillus (Haemophilus) actinomycetemcomituns and Haemophilus aphrophilus and the taxonomic distinction between H. aphrophilus and Haemophilus paraphrophilus have been questioned. This study was done to determine whether multivariate statistical analyses of carbohydrate data from lipopolysaccharides could be used to distinguish between these closely related species. Lipopolysaccharides were extracted with phenol-water and purified. Carbohydrates were assessed by using gas chromatography and gas chromatography-mass spectrometry after methanolysis and derivatization with trifluoroacetic acid anhydride. The lipopolysaccharides from all of the species contained rhamnose, fucose, galactose, glucose, L-glycero-D-mannoheptose, and glucosamine plus galactosamine, but in varying amounts. A. actinomycetemcomitans and H . paraphrophilus also contained D-glycero-D-mannoheptose, while H. aphrophilus did not. Sample-and variable-oriented principal-component analyses of the carbohydrate data clearly distinguished among A . actinomycetemcomitans, H . aphrophilus, and H . paraphrophilus. Soft independent modelling of class analogy showed that no sample in the A. actinomycetemcomitans class fell within the 95% confidence limits of the H. aphrophilus class. H. paraphrophilus fell outside both classes.
components were determined from their peak areas and were corrected by using the molar response factor (1).
Statistical analyses. In this paper we describe the distribution of seven monosaccharides in LPSs from 14 strains of A . actinomycetemcornitans, H . aphrophilus, and H . paraphrophilus. The variables and measurements used in this study are shown in Table 1 . The statistical analysis methods which we used included the following two projection methods: principal-component analysis (PCA) (8, 16, 19) and partial least-squares discriminant analysis (7, 18). With these methods the original space for the variable measurements was projected down onto two low-dimensional subspaces. One of these was sample related, and the other was variable related. The sample-related projection could be inspected for similarities among the samples, and the variable-related projection could be used to detect similarities among the variables. This projection also identified which of the variables contributed to the sample-related projection. Cross-validation was used to determine the complexity of both models (17, 18). In soft independent modelling of class analogy, which also was used in this study, a class of samples was described, and the complexity of the model was determined by crossvalidation (14) . From the deviation of the samples from their PCA model, approximate class borders were constructed by using an F test.
RESULTS
Gas chromatography and gas chromatography-mass spectrometry. The results of the individual gas chromatographic and gas chromatographic-mass spectrometric studies have been described elsewhere (1, 3). Therefore, only a brief summary is given below. The LPSs from all of the species contained rhamnose, fucose, galactose, glucose, L-glycero-D-mannoheptose, and glucosamine plus galactosamine (Table 2). In H . paraphrophilus LPS, rhamnose and fucose were found only in trace amounts. The amounts of galactose were similar in H . aphrophilus and H . paraphrophilus LPSs and were approximately two times higher in the LPSs of these two species than in A . actinomycetemcornitans LPS. The amount of glucose was about two times higher in H . paraphrophilus LPS than in A . actinomycetemcornitans LPS. The amount of L-glycero-D-mannoheptose was approximately two times higher in A . actinomycetemcornitans LPS and three times higher in H . aphrophilus LPS than in H . paraphrophilus LPS. The amounts of glucosamine plus galactosamine were nearly three times higher in A . actinomycetemcomitans and H . aphrophilus LPSs than in H . paraphrophilus LPS. The most outstanding feature of the data from the gas chromatography and gas chromatographymass spectrometry analyses was the finding that D-glycero-D-mannoheptose was present in A . actinomycetemcomitans The relative amounts are expressed as the areas of the peaks in a chromatogram as percentages of the total area of the peaks of all of the substances which were examined. The values are means based on 12 runs (strain ATCC 33384T and ATCC 33389T LPSs), 18 runs (strain ATCC 29241T LPS), or 6 runs (LPSs from all of the remaining strains). Data were compiled from references 1 and 3. For sample identification, see Table 1. and H . paraphrophilus LPSs and absent in H . aphrophilus LPS.
Statistical analyses. In the PCA of the carbohydrate data from LPSs of A . actinomycetemcomitans, H . aphrophilus, and H . paraphrophilus strains, the first two principal-component score vectors (tl and t2) were plotted against each other (Fig. 1) . This sample-oriented (i.e., bacterial-strainoriented) projection described the two largest variants of the data matrix (1, 3). In this projection the A . actinomycetemcomitans strains (samples 1 to 7 ) and H . aphrophilus strains (samples 8 to 13) formed two homogeneous clusters which were well separated from each other and from H . paraphrophilus (sample 14).
The variables (i.e., carbohydrates of LPSs [ Table 21 ) that contributed most to the first score vector ( t l ) were fucose (variable 2), rhamnose (variable 1) , D-gl ycero-D-mannoheptose (variable 5), and glucosamine plus galactosamine (variable 7) (Fig. 2) , and the variables that contributed most to the second score vector (I*) were galactose (variable 3), glucose (variable 4), and L-glycero-D-mannoheptose (variable 6).
Soft independent modelling of class analogy analysis demonstrated that none of the samples in the A . actinomycetemcomitans class (Samples 1 to 7) fell within the 95% confidence limits of the H . uphrophilus class (samples 8 to 13) (Fig. 3 ) . H . paraphrophilus (sample 14) fell outside both classes.
DISCUSSION
In this study, which was based on multivariate analyses of carbohydrate data from LPSs, the data clearly differentiated among A . actinomycetemcomitans, H . aphrophilus, and H . paraphrophilus. This supported the hypothesis that LPS, particularly its core region, can be an excellent component for chemotaxonomy (6). Also the 0-chain (for serotyping) and lipid A of LPS are valuable structures for chemotaxo- nomic consideration. The fatty acid content of A . actinomycetemcomitans LPS was two times higher than the fatty acid content of H . aphrophilus LPS (6). In whole cells, fatty acids (in contrast to carbohydrates) did not contribute to differentiation among A . actinomycetemcomituns, H . aphrophilus, and H . paraphrophilus (6a) .
Our data also suggested that PCA, partial least-squares discriminant analysis, and soft independent modeling of class analogy are suitable statistical methods for taxonomic distinction. Using the same kinds of analyses for data from studies of cellular carbohydrate composition, lysis kinetics during EDTA and EDTA-plus-lysozyme treatments, and methylene blue reduction (i.e., 23 variables) we were able to differentiate among the same species (Brondz et al., in press) . In this study, only seven monosaccharide variables provided the same distinction.
No class model could be made for H . paraphrophilus, which was represented by one strain. However, the H . paraphrophilus sample, which was the type strain, clearly fell outside both the A . actinomycetemcomitans class and the H . aphrophilus class. Therefore, the data from this study, which also included the type strains of A. actinomycetemcomitans and H . aphrophilus, supported the establishment of A. actinomycetemcomitans, H . aphrophilus, and H . paraphrophilus as distinct species (10) .
D-Glycero-D-mannoheptose was found in A. actinomycetemcomitans and H . paraphrophilus LPSs but not in H . aphrophilus LPS. We have also detected D-glycero-D-mannoheptose in other clinically important species belonging to the Actinobacillus-Haemophilus-Pasteurella group, such as H . injluenzae, Pasteurella ureae, Pasteurella haemolytica, and Pasteurella multocida (2). This raises the question of whether D-glycero-D-mannoheptose can be used as a chemotaxonomic marker for species belonging to the family Pasteurellaceae. A true taxonomic marker is a characteristic of organisms that conveys information which is also conveyed by numerous other characteristics of the organisms. A true marker contributes to the separation of bacterial taxa, and when it is excluded from a PCA, this exclusion only marginally influences the separation of the taxa in the analysis. Conversely, a false marker is a characteristic that separates taxa from each other and expresses variability within the taxa which is not reflected in the other characteristics of the taxa. If such a marker is excluded from a PCA, the taxa are randomly distributed. We found that D-glycero-D-mannoheptose is a true taxonomic indicator since it was not necessary for discrimination between the A . actinomycetemcomitans and H . aphrophilus classes (6a). If H . aphrophilus proves to be the only species in the family Pasteurellaceae that lacks D-glycero-D-mannoheptose, its taxonomic position may require reconsideration.
H . paraphrophilus LPS contained low levels of lipid A-derived glucosamine and galactosamine, which might suggest the presence of a glucan (e.g., glycogen).
Important biological activity of the polysaccharide moiety of LPS appears to reside in the lipid A-proximal inner core region, which is characterized by the presence of 2-keto-3-deoxyoctonate and heptoses. For example, synthetic (nonpyrogenic) or bacterial core-derived heptose I-heptose II-2-keto-3-deoxyoctonate I trisaccharide induces the release of interleukin 1 from human mononuclear cells to supernatants (12) . Lipid A is very important for the release of intracellular interleukin 1. The lack of D-glycero-D-mannoheptose and the lower fatty acid content in H . aphrophilus LPS compared with A . actinomycetemcomitans LPS may contribute to the low periodontopathogenic potential of H . aphrophilus compared with the periodontopathogenic potential of the closely related organism A . actinomycetemcornitans.
